[1] During the Atlanta ANARChE Study of July and August 2002, atmospheric aerosol size distributions from 3 to 2000 nm were measured continuously with 5-min resolution. Sulfuric acid vapor concentrations were also measured. During regional nucleation events these data showed the presence of a nucleation mode that grew at rates ranging from 3 to 20 nm h
Introduction
[2] Atmospheric measurements carried out over the past decade have shown that new particles are often formed by nucleation from the gas phase [Kulmala et al., 2004] . Particle formation occurs in the continental boundary layer, in polluted urban areas, in industrial plumes that contain sulfur dioxide, in the outflows of convective clouds, and over exposed tidal zones. Nucleation almost always occurs during the daytime, suggesting that it is photochemically driven. Measurements have shown that nucleation events often extend over distances of several hundred kilometers [Kulmala et al., 2001; Twohy et al., 2002; Stanier et al., 2004] ; such events are referred to as ''regional nucleation events.'' Measurements in the forests of Finland, in the rural German continental boundary layer and in St. Louis, MO, show that regional nucleation events occur throughout the year, and are observed on 5 to 40% of the days, depending on season and region [Kulmala et al., 2004] . Regional nucleation events typically lead to increases in number concentrations by factors of two to ten, and freshly nucleated particles typically grow to sizes between 10 and 100 nm during the course of a day. Growth rates typically range from 1 to 20 nm per hour, with the higher values observed during summertime. The species that participate in nucleation and subsequent growth are not known with certainty, but atmospheric observations suggest that sulfuric acid often plays a role. The most recent theories have focused on a ternary nucleation process that includes ammonia, sulfuric acid, and water [Napari et al., 2002] .
[3] These observations suggest that nucleation may play an important role in determining the concentration of cloud condensation nuclei (CCN), and therefore in determining the extent of cloud cover. The linkage between nucleation and cloud cover therefore needs to be understood in order to establish reliable global climate models. In its most recent assessment, the Intergovernmental Panel on Climate Change identified indirect effects of aerosols on radiative forcing, through their role as CCN, as one of the areas with greatest scientific uncertainty [Intergovernmental Panel on Climate Change, 2002] .
[4] This paper focuses on growth rates of freshly nucleated particles. Because the concentrations of sulfuric acid vapor produced photochemically in the atmosphere are typically much greater than its saturation value , we know that sulfuric acid condensation will contribute to particle growth. Figure 1 compares measurements of growth rates of freshly nucleated particles and sulfuric acid vapor concentrations from this and previous studies [Weber et al., , 1998 Birmili et al., 2003; Park et al., 2004] . Measured growth rates vary approximately in proportion to sulfuric acid concentration, supporting the hypothesis that sulfuric acid condensation contributes to growth. Also shown on Figure 1 are two diagonal lines for theoretical relationships between diameter growth rates and sulfuric acid concentration. The lower line was calculated assuming that the growing particles consist of crystalline ammonium sulfate while the upper assumes that particles grow as aqueous ammonium sulfate solutions at 80% relative humidity, and are measured as metastable droplets at 40% relative humidity. Growth rates are higher in this case since particle surface areas are higher, and more volume is added when each sulfuric acid molecule is added. The assumption that measurements were made at 40% RH is not consistent with all measurements reported in Figure 1 but is consistent with experimental protocols in ANARChE. During ANARChE, ambient aerosol was sampled through a relative humidity conditioner, which adjusted the relative humidity of the aerosol at the entrance to the aerosol instrumentation to 40 ± 2%. The assumption that growth occurred at 80% RH is arbitrary; this value was chosen for illustrative purposes and because it is at the deliquescence point for ammonium sulfate. In both cases it is assumed that the rate limiting step for growth is the condensation of sulfuric acid vapor, and that the sulfuric acid accommodation coefficient is unity . The uptake of ammonia (and water, for aqueous solutions) was assumed to occur immediately after sulfuric acid condensation. Note that measured diameter growth rates tend to be higher than can be explained by the condensation of sulfuric acid vapor. Because of this discrepancy, investigators have argued that species in addition to sulfuric acid must be contributing to particle growth [Weber et al., , 1998 Kerminen et al., 2000; Birmili et al., 2003] . Evidence that growing nanoparticles contain organics is available from the measurements made during nucleation events above the boreal forests of Finland [O'Dowd et al., 2002; Allan et al., 2003] .
[5] During August 2002 we carried out the ANARChE study of nucleation and growth at the Jefferson Street site in urban Atlanta where frequent, intense nucleation events had been observed previously [Woo et al., 2001] . This paper and three companion papers summarize results from that study. McMurry and coworkers demonstrate a simple criterion that Figure 1 . Measured modal growth rates of nucleation mode particles during regional nucleation events versus measured sulfuric acid vapor concentrations from this and previous studies. Calculated contributions of sulfuric acid condensation to growth are also shown. Note that measured growth rates are almost always greater than can be explained by sulfuric acid condensation. The Hohenpeissenberg data were originally reported by Birmili et al. [2003] . Authors of that work provided us with the original data for inclusion here.
determines whether or not new particle formation can occur on a given day . Smith and coworkers used the thermal desorption chemical ionization mass spectrometer (TDCIMS) to measure the composition of 6 -15 nm nanoparticles. They found that freshly nucleated particles always contained ammonium and sulfate, but found no evidence for the presence of other species in these particles . Sakurai and coworkers used a nano tandem differential mobility analyzer (Nano TDMA) to measure the hygroscopicity and volatility of 4 -10 nm particles that were recently formed by nucleation. They found that those particles have properties similar to pure ammonium sulfate particles of the same size . In this paper we compare measured modal diameter growth rates of freshly nucleated particles with calculated values. Modal diameter growth results from growth of individual particles as well as from processes that affect the mode as whole. Calculated values include contributions from condensation of sulfuric acid, and intramodal and extramodal coagulation of the nucleation mode particles. We find that on some but not all occasions, these processes reasonably account for observed modal growth rates, supporting observations in the companion papers that freshly nucleated sub-15 nm particles consisted primarily of ammonium sulfate during this study. Most previous analyses of this sort have assumed that observed modal growth rates are due to condensation alone. We show that this assumption is not valid for Atlanta, where coagulation significantly affects observed modal growth rates due to the high concentrations of particles produced by nucleation.
Data Analysis
[6] In this paper we report on analyses of regional nucleation and growth events that were observed on five days during ANARChE. On each of these days there is a clearly discernable nucleation mode exhibiting steady growth for an hour or more. On several of these days, plumes containing elevated concentrations of SO 2 and nanoparticles below the nucleation mode impacted the site, leading to a superposition of plume nucleation and regional nucleation (see Sakurai et al. [2005] Figure 1a ] where multiple plume impacts are observed between 9:00 and 13:00). Sulfuric acid concentrations during daytime plume impacts were typically significantly higher than values measured at other times, and are almost certainly not representative of regional sulfuric acid concentrations. Therefore we have not attempted to compare measured and calculated growth rates during such periods. Instead, on days when plume impact occurred we have confined our attention to periods before or after those events.
[7] Figure 2 shows a contour plot of particle size distribution versus time for the regional nucleation event observed on 5 August. Note that the particle size ordinate is linear and that the peak of the nucleation mode (lightest shades) grows nearly linearly in diameter with time. These data have been analyzed for a 1-hour period in the morning (9:30 -10:20) and a 2-hour period around midday (11:40 -13:55). The lack of elevated nanoparticle concentrations at the lower end of the size distribution and the absence of elevated levels of SO 2 indicate that these periods are relatively free of plume impact from local sources. They represent nucleation mode growth following a regional nucleation event.
[8] A total of six such episodes were chosen for analysis on the basis of contour plots like Figure 2 and measured SO 2 levels. Table 1 shows the selected periods with little plume impact during the study when the nucleation mode grew monotonically following regional nucleation events. Each such period was analyzed in the same manner with all results shown below.
[9] For each of these periods the 5-min particle size distribution data were first smoothed by taking a 30-min running average of the distributions. This helped to reduce the scatter and to more clearly delineate the nucleation mode. For each averaged distribution the nucleation mode was fit with a lognormal distribution, characterized by the total number concentration, N, geometric number mean diameter, D g and geometric standard deviation, s g . Each fit is a least squares fit within manually set limits adjusted to best capture the region around the peak of the distribution. An example of this is shown in Figure 3 for the beginning of the morning period of 5 August. The fit parameters are generally fairly insensitive to the exact location of the fit limits. Note that the indicated fit limits do not represent the Note that, contrary to convention, the particle diameter scale is linear, not logarithmic. This has been done to accentuate the observed constant growth rate, dD g /dt, of the mode of dN/d log D p . This means that vertical cross-sectional areas of this plot are not proportional to aerosol concentration, as is normally the case.
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STOLZENBURG ET AL.: PARTICLE GROWTH RATES bounds of the nucleation mode. Once the mode is fit the full number concentration of the lognormal distribution is used in all calculations. The upper bound of the nucleation mode was also determined visually to define the division between the nucleation mode and the larger preexisting aerosol that scavenge the nucleation mode particles by extramodal coagulation, as is discussed below. The concentration at the point of division is generally more than an order of magnitude lower than the peak of the mode and the fraction of the total number concentration of the lognormal fit above the point of division is less than 1%. Thus the calculation results are not significantly affected by variation in these manually selected parameters.
[10] Figure 4 shows the time evolution of the geometric mean diameter, D g , of the nucleation mode for each of the six periods analyzed. Note again the steady growth rate over the course of each period. The average growth rate for each period is characterized by the slope of a line fitted to the D g vs. time data in each period as indicated in Figure 4 . Note that for the two periods analyzed on 5 August, the growth rate for the midday period is substantially higher than that for the morning period. These modal growth rates reflect the net contributions of all processes that affect the mean modal diameter, including the condensation of vapors that leads to the growth of individual particles within the mode and coagulation, continuing nucleation and changes due to transport and dilution of spatially inhomogeneous aerosols that affect the mode as a whole.
[11] In this paper we assume that the observed nucleation mode is uniform over a sufficiently large spatial domain that the effects of transport on modal size can be neglected. The observation that particle size increased monotonically with time during these episodes supports this assumption, although measurements at surrounding sites that provide information on spatial variabilities were not obtained during this study. However, as was mentioned above, previous studies that included measurements at multiple sites have shown that nucleation events frequently cover large spatial domains. Analyses in this paper explore the extent to which measured growth rates can be explained by the condensation of sulfuric acid and coagulation, processes that can be quantified from measurements carried out during ANARChE.
[12] Coagulation can affect the modal mean size in two ways. Coagulation among particles in the nucleation mode leads to an increase in modal size, and this process can be significant if concentrations of nucleation mode particles are sufficiently high. Extramodal coagulation between nucleation mode particles and larger preexisting particles also leads to an increase in the mean modal size of the nucleation mode particles. This occurs because, within the nucleation mode, smaller particles are depleted more rapidly than larger ones because of their higher diffusivities, leading to apparent growth of the nucleation mode.
[13] Another process that could, in principle, contribute to growth is condensation of molecular clusters that are being formed by nucleation. An upper limit for this rate would occur if nucleation were collision controlled (barrierless). Using cluster distributions calculated by McMurry [1983] for collision-controlled nucleation in the presence of an aerosol, we found that cluster condensation could enhance growth rates by as much as a factor of two above the rate due to vapor condensation alone. However, in our companion paper we conclude that measured size distributions of nucleated particles are typically a factor of 10 to 100 lower than is predicted by this limiting case theory. Although we do not have measurements of cluster distributions, and while we do not yet understand nucleation kinetics sufficiently well to predict cluster concentrations with certainty, we believe that this discrepancy likely originates with the smallest cluster sizes. If so, those clusters would likely be present at concentrations that are substantially (10 -100X) below levels predicted by the collision-controlled theory, and would therefore contribute negligibly to observed growth rates. Evaporation and nonaccommodation or quantum rebound [Tammet and Kulmala, 2005] are examples of processes that could lead to reduced cluster concentrations.
[14] The model that we use to quantify the contributions of condensation and coagulation to modal growth is based on the observation that the nucleation mode is usually well characterized by a lognormal distribution. Furthermore, we assume that the nucleation mode particles are in or near the free molecule regime. These assumptions enable us to apply the results of Lee et al. [1984 Lee et al. [ , 1990 to determine the contribution of intramodal coagulation to modal growth 
, from the averaged measurements for the current 5-min sample. The calculated growth rates reported for the entire event are just the averages of the 5-min growth rates. Details of the model used to calculate contributions of coagulation and condensation to modal growth from our measurements are discussed in Appendix A.
Results and Discussion
[15] Comparisons of the measured and modeled growth rates for the six regional nucleation episodes are given in Figure 5 and Table 1 . Calculated and measured growth rates were within a factor of roughly two for four of the six regional nucleation events. For the other two events (midday on 5 and 19 August) measured growth rates were four to five times greater than the calculated values suggesting that processes not included in the model contributed to growth. Unlike the first four events, these two events involved growth above 40 nm (see Figure 4) . In fact, of the first four events, the one involving growth to the largest size (about 40 nm on 1 August) is also the one with the largest discrepancy between calculated and measured (two times greater) growth rates. Calculated growth rates tended to be in better agreement with measurements for growth episodes observed in the morning than for those that occurred around midday, when particle sizes were larger. It would appear that additional species contributed to growth during the midday periods. On average for these six periods, calculated contributions of intramodal and extramodal coagulation to growth rates were 30% and Figure 4 . Linear fits of nucleation mode size versus time used to obtain experimental modal diameter growth rates for the six periods analyzed in this paper. Figure 5 . Comparison of measured and calculated modal diameter growth rates. Our calculations show that intermodal and extramodal coagulation can both contribute significantly to modal growth rates. Also, growth rates measured at midday exceeded calculated values by factors of four to five, while rates measured in the morning were within a factor of two.
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STOLZENBURG ET AL.: PARTICLE GROWTH RATES 15% of the rates due to sulfuric acid condensation. Uncertainties in measured concentrations of sulfuric acid were about ±40%. These uncertainties could explain discrepancies between measured and calculated growth rates for the morning events, but not for the two midday events where rates were 4 to 5 times higher than calculated values.
[16] Measured and modeled rates of change for the total number concentration of the nucleation mode are compared in Figure 6 . During the sub-40 nm growth events particle concentrations changed at rates that were significantly below calculated coagulation rates, suggesting that a source of particles was present. In fact, particle concentrations actually increased during two of these growth periods (morning on 31 July and 5 August). Measured size distributions were always nonzero for the smallest particle sizes measured, suggesting that particle production by nucleation continued during these events and contributed to this discrepancy. Concentrations during the events observed around midday on 5 August and 19 August when modal sizes exceeded 40 nm decreased at rates that exceeded calculated coagulation rates.
[17] Generally we have tried to restrict our analysis to periods with a clean isolated nucleation mode with little aerosol below it. The episodes on 10 and 19 August are exceptions to this. During the analyzed periods on these days multiple modes were observed in the nucleation range of the particle size distribution as shown in Figure 7 . For both of these episodes the growth of the upper mode was analyzed and the effect of the lower mode(s) was ignored. This may be justified in the case where the lower modes originate from local sources of primary particulate emissions, which would have limited time during transport to the measurement site to interact with the upper regional nucleation mode. This may be the case for the 10 August episode when the winds were from the southeast, the general direction of a nearby (about 500 m) maintenance facility for over-the-road diesel buses. In other cases the lower mode(s) may represent growth following later regional nucleation events and the limited exposure argument would not apply. In any case, the effect of a lower mode can be roughly estimated by approximating its interaction with the upper mode as a ''condensation'' of small particles onto relatively larger particles. If the total number and geometric mean particle diameter of the lower mode are substituted for N h and both D h and D i , respectively, in the condensation equations of Appendix A, estimates of the increase in growth rate of the upper mode due to interaction with the lower mode are obtained. For 10 August a negligible 4% increase is estimated while for 19 August a 26% increase is estimated which still leaves the calculated growth rate far short of the measured one.
[18] The growth model used here is primarily based on the assumption that the growth of the nucleation mode particles occurs in the free molecule regime. First-order transition regime correction factors have been applied to reduce the error when the growth of the nucleation mode is modeled at larger sizes. For the super-40 nm growth events Figure 6 . Comparison of measured and calculated rates of change in nucleation mode number concentrations for the six periods analyzed. The observation that, during the morning events, calculated rates due to coagulation exceeded measured rates suggests that new particles continued to be produced by nucleation. Observed rates of nanoparticle particle depletion exceeded calculated rates for the midday events, possibly reflecting the importance of transport and/or dilution processes that were not accounted for in the model. Figure 7 . Example of a measured multimodal nucleation mode size distribution with lognormal fit to the upper mode used in our modal growth rate calculations. The effect of the lower mode(s) was ignored in the calculations. these factors reduce the condensation growth term by about 2%, the intramodal growth term by about 55% and the extramodal growth term by 44-51%. For the sub-40 nm growth events the reductions are in the ranges of <1%, 10-25% and 24 -48%, respectively. It is expected that the residual errors in these estimated growth rates due to numerical approximations are substantially less than the corrections already applied.
[19] For these model results we have assumed that condensational growth is limited by transport of sulfuric acid vapor to the particle surface and that the nucleation mode particles are dry ammonium sulfate. If instead we assume that particles grow as aqueous ammonium sulfate solutions at 80% relative humidity, and are measured as metastable droplets at 40% relative humidity, the condensational growth rates would be approximately 2.5 times greater, as indicated in Figure 1 . In this case, the calculated growth rates would likely exceed measured growth rates for several of the morning episodes investigated in this paper, and would be more nearly in agreement for the midday measurements. A definitive comparison of observed and measured growth rates for liquid droplets would require information on the time-dependent relative humidity of air parcels during growth, which is likely to differ from measurements carried out at our site.
[20] As is explained by Sakurai et al. [2005] , the experimental protocol that we used for the NanoTDMA measurements does not enable us to determine whether the sampled particles were wet or dry. The relative humidity of sampled particles was adjusted to $15% as they were classified in DMA1. If they had consisted of aqueous solutions of ammonium and sulfate, the particles would have effloresced prior to conditioning and subsequent measurement by DMA2. Therefore we cannot be certain which of the two theoretical relations shown in Figure 1 is more nearly correct.
Conclusions
[21] Particle size distributions were measured every 5 min during the intensive ANARChE field study in Atlanta during July and August 2002. Sulfuric acid vapor concentrations were also measured and are used here when comparing measured and calculated growth rates. Regional nucleation events were occasionally observed, and modal growth rates of these freshly nucleated particles ranged from 3 to 20 nm/hour. In this paper we compare measured modal growth rates with calculated values for the six periods amenable to analysis.
[22] Calculations accounted for condensation of sulfuric acid, intramodal coagulation among the nucleation mode particles, and extramodal coagulation of the nucleation mode particles with preexisting particles. Extramodal coagulation depletes small particles in the nucleation mode more rapidly than larger ones, thereby shifting the modal size to larger particles and contributing to apparent growth. We found that for these events, calculated contributions of intramodal and extramodal coagulation to growth rates were, on average, 30% and 15% of the rates due to sulfuric acid condensation. Because nucleation tends to produce high concentrations of particles at this location, the effects of intramodal coagulation are greater than would typically be expected. Nevertheless, these results show that coagulation can account for some of the discrepancies between measured and calculated modal growth rates that have been reported previously.
[23] Calculated modal growth rates were within a factor of about two of measured rates on four out of the six periods analyzed. These four periods occurred during mornings. The observation that condensation of sulfuric acid and subsequent equilibration with ammonia can substantially account for nanoparticle growth on these occasions is consistent with the observations made during ANARChE that sulfate and ammonium are the primary constituents of freshly nucleated sub-15 nm particles and that the hygroscopicity and volatility of these particles is consistent with the behavior of ammonium sulfate calibration aerosols. Measured growth rates were four to five times higher than calculated rates for the other two periods, suggesting that an additional process not accounted for in our model contributed to growth. These latter two periods occurred around midday, and involved particles that had grown to sizes exceeding 40 nm.
[24] We also compared measured rates of change in nucleation mode number concentration with calculated values. During the morning events, these concentrations always decreased more slowly than predicted assuming that coagulation was the only pertinent process. In fact, concentrations actually increased during two of these periods. We believe that particle production by nucleation probably continued throughout these events. Concentrations decreased more rapidly than predicted by coagulation for the two midday events. It seems likely that this is due to transport and dilution processes that were not accounted for in our model.
Appendix A: Growth and Evolution of Nucleation Mode Assuming it is Lognormal
[25] Measurements indicate that when a nucleation mode exists and evolves over time in the ambient its number distribution can frequently be well characterized by an evolving lognormal distribution
where D p is particle diameter, N, D g , and s g are total particle number concentration, geometric number mean particle diameter and geometric number standard deviation of the mode and Z ln 2 s g . [26] The parameters N, D g , Z of the distribution are all functions of time as the nucleation mode grows and evolves. This process can be broken down into three mechanisms: intramodal coagulation, extramodal coagulation with larger preexisting aerosol and vapor condensation. The nucleation particles are assumed to be dry ammonium sulfate with condensational growth limited by transport of sulfuric acid to the particle. The time rates of change of the modal parameters due to these three mechanisms are approximated by first assuming the mode is in the free molecule regime and then applying a first-order transition regime correction. The time derivatives of the three modal parameters are D22S05 STOLZENBURG ET AL.: PARTICLE GROWTH RATES obtained from the time derivatives of the zeroeth, first and second moments (M k , k = 0, 1, 2) in particle volume (n pD p 3 /6) of the mode where
The time derivatives for each mechanism are derived below. The total rates of change are obtained by summing over the mechanisms. An overview of the calculation process is illustrated in Figure A1 .
A1. Intramodal Coagulation
[27] For intramodal coagulation the time derivatives of the moments can be written as
where 
b FM is the free molecule collision frequency function, k is the Boltzmann constant, T is absolute temperature, r p is particle material density (=1.769 g Á cm À3 for (NH 4 ) 2 SO 4 ) and F coag b/b FM . Lee et al. [1984 Lee et al. [ , 1990 solved for these derivatives in the free molecule regime by setting F coag,1 = 1 and approximating b FM by a form which allows the integrals to be carried out analytically.
[28] This solution is extended here to the near free molecule regime by approximating the collision frequency function within the mode as
where v g pD g 3 /6. Applying the same approximation to b FM as Lee this results in
where
These equations for intramodal coagulation follow directly from Lee's results except for the addition of the F coag,1 factor. The following treatments of extramodal coagulation and condensation use the same modal moment approach as was used by Lee but are otherwise a new development of this work. Figure A1 . Schematic of the calculation of time derivatives of the nucleation mode lognormal parameters from measurements of the particle size distribution and the sulfuric acid concentration.
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